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In this paper, a production-type chemical vapour deposition (CVD) is utilized to deposit fluorine 
doped tin oxide thin films of different thicknesses and dopant levels. Deposited films showed a 
preferred orientation along the (200) plane of a tetragonal structure due to the formation of 
halogen rich polar molecules during the process. A holistic approach studying elastic modulus 
and hardness of resulting films by a high-throughput atmospheric-pressure CVD process is 
described. The hardness values determined lie between 8 - 20 GPa. For a given load, the modulus 
generally increased slightly with the thickness. The average elastic recovery for the coatings was 
found to be between 45 – 50 %. Refractive index and thickness values derived from the fitted 
ellipsometry data were in excellent agreement with independent calculations from transmission 
and reflection data. 
 
 





Fluorine-doped tin oxide (FTO) thin films have become a major choice of transparent conducting 
oxide (TCO) material from the point of both energy capture and conservation. These combine 
high transparency in the visible region, increased electrical conductivity, along with reduced 
material costs, and improved thermal and chemical stabilities over TCO’s such as indium tin oxide 
[1]. The improved stabilities of FTO’s, over other TCO’s such as indium tin oxide, are related to 
the large grain sizes at high deposition temperatures along with formation of ionic Sn-F bond. 
These attributes have provided much impetus into the use of FTO substrates for diverse 
technologies such as photovoltaic applications, [2] low emissivity windows, [3] touch screen 
displays, [4] and light-emitting diodes [5]. 
Large-scale industrial production of FTOs is usually carried out using chemical vapour 
deposition (CVD) at atmospheric pressure (AP) as it has the ability to deposit thin films with 
accelerated deposition rates, high production volumes, good process chemical stability, and low 
operating costs. One such example is TEC 7 produced by NSG using an in-line CVD process [6]. 
Extensive literature exists on the electrical and optical properties of FTOs, which can be effectively 
tailored by controlling deposition parameters, for example, flow rates, temperatures, precursor 
ratios, susceptor translation rates and dopant levels [7]. On the contrary, mechanic assessment 
of FTOs [8] has received scant attention despite being an important factor from the point of 
durability for lifetime device performance as well as during processing and packaging. The two 
important parameters, elastic modulus and hardness studies by nanoindentation experiments 
provide information about the elastic deformation and resistance to permanent deformation 
properties of the thin films. To ensure longevity, robustness and good reliability of modern 
electronic devices, wear-resistant properties of FTO coatings become essential. Herein, we 
exploit a production-type APCVD process with in-line configuration to deposit FTO films of various 
fluorine doping levels (through flash evaporation of aqueous trifluoroacetic acid solution) and 
multiple thicknesses. We firstly describe nanoindentation experiments performed on the FTO films 
to assess their mechanical behaviours at the nanoscale level in this paper, which is the first such 
type of published study on high throughput APCVD deposited FTOs.  
Secondly, to help elucidate and compare the optical properties between the different FTO 
morphologies this paper will focus on various angle spectroscopic ellipsometry (SE) 
measurements. The optical properties are of particular importance for TCO’s used within solar 
cells as the device performance is directly affected by the amount of light reaching the absorber 
layers and its efficient exploitation. For example various groups [9] have performed SE studies of 
highly textured FTOs because of enhanced light scattering properties at the interface which is of 
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particular advantage for silicon-based solar cells where the absorber is relatively poor so 
increased use of the incoming sunlight via total internal reflection of light should improve the cell 
efficiency. Conversely, for perovskite solar cell technologies with an excellent light absorber and 
rough surfaces are considered to be a disadvantage as it can lead to non-uniform or non-
continuous absorbing and/or blocking layers resulting in shunting of solar cells [10]. Hence, we 
will discuss the SE measurements and compare between the optical parameters of FTO thin films 
of various architectures created by specific processing conditions. 
 
2 Experimental Procedures 
All the chemicals acquired from Sigma Aldrich were used without any further purification. 
1.1 mm Borosilicate glass substrates (10 × 10 cm) were cleaned with detergent, water, 1-
propanol, and dried in air.  
Before commencing, the heated APCVD gas delivery system was flushed with nitrogen 
for approximately 2 hours to remove any moisture or contaminants. Monobutyltin trichloride 
(MBTC) and aqueous trifluoroacetic acid (TFAA) solution (0.2, 0.6 and 1M) were delivered with a 
Sn precursor to H2O molar ratio of 1:5. MBTC was vaporized at 123 °C (carrier gas = 0.6 L min−1) 
and aqueous TFAA solution was flash evaporated (carrier gas = 0.7 L min−1). The carrier gas 
composed of N2 diluted with 15% oxygen (total flow = 1.5 L min-1) was fixed throughout the coating 
experiments. A heated susceptor at 600 ± 10 °C was translated under the static CVD head in an 
extracted and open atmosphere. The number of passes of the susceptor under the coating head 
was fixed at 4, 6 or 8 to give samples of different thickness. A summary of the experimental 
conditions is given in Table 1. 
X-ray powder diffraction measurements were performed on a Bruker D8 using Cu 
Kα radiation (λ = 1.5406 Å) with locked coupled measurements taken between 20 – 70° 
2θ range with a step size of 0.04. Surface morphologies were recorded using a field 
emission scanning electron microscope (Lyra3, Tescan) with an accelerating voltage of 20 
kV. The surface roughness was determined by atomic force microscopy (NanoScope IIIa, 
Digital Inst. Ltd., Santa Barbara, California, USA) over a 5 x 5 μm area. The analysis was 
carried out using Si tips in tapping mode. The tips (NT-MDT Ltd) had a radius of curvature 
less than 10 nm and a cantilever resonant frequency of around 190 kHz. The film thickness 
was calculated using a Dektak 3ST surface profiler (Veeco, Santa Barbara, California, 
USA) where films were step etched using zinc powder and dilute hydrochloric acid. 
The ellipsometric data were obtained using a J.A. Woollam Company VASE ellipsometer 
with its Completease software for the data analysing and modelling. By using the ellipsometry, 
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we can determine three parameters, FTO film thickness, refractive index (n) and extinction 
coefficient (k). The ψ (the ratio of the amplitude diminutions) and ∆ (the phase difference induced 
by the reflection) measurements were done at an incident angle of 65 o over the spectral range 
300 - 1700 nm (0.73 - 4.13 eV). It should be noted that the measurement of the ψ and ∆ at three 
angles are valuable but adding experimental measurement such as intensity transmission 
measured independently of ψ and ∆ can help to determine the unique optical model.  It is possible 
to model the FTO refractive index the top and the bottom of the film by using four oscillator 
(Lorentz oscillators). The thickness is separated into several sublayers of equal thickness. The 
Bruggeman effective medium approximation (EMA) [11,12] were used to fit the layers including 
the glass substrate, the FTO film and voids. 
An Aquila nkd 8000 spectrophotometer was used for some additional simultaneous 
measurement of transmission and reflection (350 - 1000 nm) under p polarisation at an 
incident angle of 30°. Nanoindentation tests were carried out with a nanoindenter (Model: 
CSM Instruments) capable of imparting small loads (ranging from 0.5 to 300 mN) that 
enable small volume penetrations. A precise, rigid and sharp Berkovich diamond tip (with 
three-faced pyramid geometry and tip size of a few tens of nm) was used for these tests. 
The nanoindenter tip was pressed into the sample at a fixed load and speed.  Indentation 
was performed at loads of 1, 3, 5, 10, 15 and 20 mN and at a load/unload speed of 2 
mN/min. Use of different loads allowed for the acquisition of indentation data from various 
penetration depths. The indenter was held at maximum load for 10 seconds between each 
loading and unloading phase. Applied normal load and precise depth of penetration 
(displacement of indenter) were measured continuously throughout the indentation 
process. These values were plotted in a graphical format to obtain load-displacement 
curves. Known geometry and size of the indenter tip permits calculation of the area of the 
indent without the need to visualize it. 
Various analytical models are available to obtain hardness, modulus, creep and other 
mechanical properties i.e., Oliver and Pharr method, [13,14] the deformation energy 
method, [15-17] the force indentation function method, [18-20] the Joslin-Oliver method, 
[21,22] and the energy density method [23]. Most popular method is Oliver and Pharr 
method which was also used for this study. Nanoindentation hardness (H) is the resistance 
to permanent deformation under perpendicular stress and was calculated as follows: 
 
                                                       𝐻 =
𝑃𝑚𝑎𝑥
𝐴𝑝
  Pascals     eqn. 1 
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where 𝑃𝑚𝑎𝑥 = Maximum load and 𝐴𝑝 = Projected contact area 
Elastic modulus (E) of the sample was calculated as: 
 









                                   eqn. 2 
where  𝐸𝑖  = Elastic modulus of the indenter, 𝐸𝑟 = Reduced modulus of the indentation 
contact, 𝑣𝑖  = Poisson’s ratio of the indenter and 𝑣𝑠 = Poisson’s ratio of the sample. 
The following relationship was used to calculate creep (Cs) as a percentage: 
 
                                                                                              𝐶𝑠 =
ℎ𝑡−ℎ𝑚𝑎𝑥
ℎ𝑚𝑎𝑥
                  eqn. 3 
where ℎ𝑚𝑎𝑥 = displacement at maximum load and ℎ𝑡 = displacement at maximum load 
after a specified time period 
The degree of elastic recovery (R) can be calculated as follows: 
 
                                            𝑅 =
ℎ𝑚𝑎𝑥−ℎ𝑓
ℎ𝑚𝑎𝑥
           eqn. 4 
Where ℎ𝑚𝑎𝑥 is the displacement at maximum load and ℎ𝑓 is the displacement after the 
load is removed.  
The hardness and elasticity data was acquired from the real-time normal load versus penetration 
depth curves recorded by the computer. A set of four indentations was obtained for each test. 
 
3 Experimental results and discussion 
This section is divided into 3 main parts. Firstly, a survey of the FTO thin film material 
properties, a nanoindentation study and a discussion of the optical properties.  
3.1 Material characterization 
X-ray powder diffraction measurements (Fig. 1) conclusively confirmed the formation of 
high polycrystalline tetragonal SnO2 (JCPDS: 00-046-1088) without any indication of 
impurities, for example, Sn or SnO. One notable feature of the X-ray studies was the 
degree of preferred orientation along the (200) plane which increased with the film 
thickness. Changing the TFAA concentration has no profound impact on the degree of 
orientation. Irrespective of TFAA concentration or film thickness, calculated particle sizes 
only vary between 32-36 nm. This intense (200) peak in the films can be likened to the 
formation of halogen rich polar molecules during the reaction that adsorb on the polar F-
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(101) face [24]. The net result is that it promotes the growth along the (200) plane at the 
expense of the (100) plane.  
From the scanning electron microscope (SEM) studies (Fig. S1), the pyramidal type 
features having textured grain boundaries dominate for all the films except for 7A. For 7A, 
the morphology is largely dominated by randomly orientated compact features. From the 
images, particle sizes increased with film thickness contributing to rougher films. As can 
be seen the thinnest samples (56A, 28A) showed the smallest grain sizes. Irrespective of 
morphology, the deposited films are continuous and dense, without any noticeable voids. 
From the step-etched sample analysis, film thicknesses increased linearly with the number 
of passes. Using root mean square (RMS) analysis of AFM images, it became obvious the 
film roughness increased with film thickness. This was mirrored by a reduction in sheet 
resistance (for fixed dopant level) (Table 1). For a given number of passes, no change 
(within the experimental error) in either roughness or thickness is evident with varied TFAA 
concentration (Table 1).   
 The reduction in sheet resistance with increased film thickness has been previously 
highlighted by us [25] and demonstrated that this relates to an increase in grain size [26]. 
The increased grain size in turn reduces the number of grain boundaries and hence traps 
for electron free carriers so increasing the mean free path and hence mobility [27]. 
  
3.2 Mechanical Properties   
Accurate assessment of mechanical properties of thin coatings is complicated due to 
contribution from the underlying substrate. Conventional techniques are not suitable for 
measuring hardness of thin films due to its use of relatively heavy loads and large 
indenters. Nanoindentation employs micron-sized indenters that apply small loads in the 
order of few mN, which serve to analyze only small volumes of materials. This allows 
assessment of coating’s response to indentation without contribution from the underlying 
substrate material. The rule of thumb is to keep the penetration depth of the indent to 10% 
of the coating thickness to preclude influence of the substrate. On the other hand, small 
penetration depths result in small indent size that might be comparable to sample surface 
roughness. This will introduce an error in measurement. To avoid such as error, the 
recommendation is to indent at a larger depth i.e., at least 20 times the arithmetic 
roughness of the surface, such that the roughness is less than 5% of penetration depth. 
Usually, a compromise has to be achieved between these two competing conditions. 
When coating thickness is very small i.e., few tens or hundreds of nanometer, accurate 
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assessment of hardness becomes complicated. For soft films on hard substrates, 
hardness values will show an increase with increasing penetration depths of the indenter. 
For hard films on soft substrates, hardness will decrease with increasing penetration 
depths. If a material is truly elastic, the unloading curve traces back the loading curve 
leaving behind no indent. If the material is fully plastic, there is no recovery and the 
unloading curve falls straight down. Most materials will show elastic and plastic regimes. 
The area between the loading and unloading curves represents the plastic regime. The 
area outside of the unloading curve indicates the elastic regime. 
The thickness of the FTO coatings ranged from 370 to 750 nm as shown in Table 1. 
Typical plots obtained from nanoindentation test of FTO coatings are shown in Fig. S2. 
The applied normal load and displacement (penetration depth of the indenter) are shown 
plotted versus time in Fig. S2(a). The normal load versus penetration depth for the same 
indent is plotted in Fig. S2(b). These curves are used to calculate mechanical properties 
of the coatings using Oliver & Pharr method. Four indents were made at different locations 
on the surface of each sample. The plotted values are an average of four load-
displacement curves generated at each load. 
Nanoindentation of each coating sample was carried out at loads of 1, 3, 5, 10, 15 and 
20 mN. The superimposed load-displacement curves obtained from each sample at 
various loads are shown in Fig. 2 a-j. It can be seen, as expected, that the penetration 
depth increases as the load is increased for all coatings. Fig. S3 shows superimposed 
load-displacement curves obtained from sample of glass, 56A, 19A, 28A, 34A, 14A, 10B, 
10A, 7A and 24A at normal loads of 1, 3, 5, 10, 15 and 20 mN, respectively. It can be seen 
that the penetration depth increases consistently with normal load for all samples.  
Fig. S4 demonstrates the relationship between penetration depth and load for each 
sample in the form of a bar chart. All samples were loaded at a fixed rate of 2mN/min. Due 
to small thickness of coatings used, the penetration depths of the indenter was more than 
the recommended 10% for all samples. 
Fig. 3 shows the relationship between the normal load and nanoindentation hardness 
for each coating in the form of a vertical bar chart. The nanoindentation hardness of all 
coatings was within the range of 8-20 GPa. At low loads (e.g., 1 - 3 mN) and penetration 
depths, accurate measurement of hardness is made complicated due to transition from 
purely elastic to elastic/plastic state of the indented region [13]. Small size of the indent is 
more likely to be influenced by the surface roughness of the sample. The instrument is 
also working close to its sensitivity limit. At medium loads, the contribution from the 
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substrate is small and the values are more representative of true hardness of the coatings. 
At higher loads, the influence of the glass increases and results in lower hardness values 
for the coatings. For all coatings, a plateau in the hardness (at 3 - 5 mN loads) was 
observed which is typical when hard coatings deposited on soft substrates are subjected 
to nanoindentation [22,28]. At shallow displacement, where total indentation depth is much 
smaller than the film thickness, the effect of substrate was not present. At these small 
depths, increase in hardness was observed due to plastic strain gradient hardening in the 
film present between the indenter and the substrate [26]. 
The hardness decreased with increasing loads from that point onwards indicating that 
the glass substrate yielded at indentation depths much less than the film thickness. For 
such a case, where a hard film is deposited on a soft substrate that yields early during 
indentation, the rule of thumb of film thickness being less than 10% of indentation depth 
becomes important. At still higher loads, the hardness of all coatings decrease and 
converge toward the hardness of the glass, whose contribution becomes more evident as 
penetration depths increases. However, the indentation hardness never becomes a 
constant even after the indentation depth reaches the film thickness (for samples 56A and 
19A). This phenomenon is typical of a hard coating on a soft substrate and is in contrast 
with the behaviour shown by a monolithic material [29].  
It is noted that at the highest load used (e.g., 50 mN), the hardness of the thicker 
coatings is still high due to a lesser influence of the substrate effect. The glass did not 
exhibit a large variation in hardness at various loads signifying behaviour of a monolithic 
material. Its average hardness value was 9.34 GP. A good estimate of nanohardness of 
coatings is likely to be the average hardness value at the plateau formed at 3-5 mN loads. 
Sample 7A exhibited the highest hardness at these load values. There was no evidence 
of correlation between the hardness and thickness of coatings at a given displacement. 
For similar structure and constitution of a hard coating on a soft substrate, the coating with 
a higher thickness would exhibit higher hardness at a given indentation depth. Such a 
correlation was not observed in this study indicating the probable role of coating 
constitution and/or structure in defining the surface mechanical properties of coatings.  
Fig. 4 shows values of elastic modulus (E) plotted against normal load used for each 
coating sample. The elastic modulus decreases continuously with increasing normal load 
and approaches that of the underlying glass substrate. The elastic modulus of all the FTO 
thin films is greater than that of glass and reaches the lower values reported for bulk FTO. 
Irrespective of the orientation, the reported E values for tin oxide vary between 174-368 
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GPa [30,31]. The elastic modulus of glass is approximately 63 GPa. Large mismatch in 
the modulus of the film and glass substrate makes it difficult to measure the film modulus 
accurately as the long-range elastic field under the indenter extends into the substrate.22 
This effect is higher in films of small thickness. In this study, at any given load, the modulus 
generally increased slightly with coating thickness. This indicates larger influence of the 
underlying soft substrate to the modulus in coatings with small thickness.  
Hardness to modulus (H/E) ratios of solid films can be used as a means to ascertain 
their mechanical integrity [32-35]. Fig. 5a shows the values of H/E plotted against normal 
load for each coating sample. It can be seen that H/E values vary within a small range at 
various loads and remain comparable for all coatings. The variation in H/E values is small 
for all coatings indicating comparable mechanical/tribological capability.  
For each load-displacement plot, the load was kept constant at its maximum value for 10 
seconds before unloading was initiated. At constant load, increase in penetration depth was 
observed indicating plastic deformation of coating through the phenomenon of creep. The values 
of creep obtained are plotted for each coating at various loads used in Fig. 5b. The mean values 
of creep ranged between 1.5-2 % for all samples. The degree of elastic recovery for each coating 
is plotted in Figure 5c. It can be seen that average values of elastic recovery for all coatings lie 
between a small range of 45-50%. This is consistent with the findings found in the literature [36]. 
The elastic recovery is largely not influenced by thickness of the coatings or the applied normal 
loads. 
3.3 Optical properties 
The spectroscopic ellipsometry data in Fig. 6 show ψ and ∆ fit over the spectral range (300 
– 1700 nm). It is evident that there is a good agreement between the experimental and the 
modelled data. However, there is a small deviation in the ψ and ∆ fitting, which is largely 
due to surface variations for example, roughness, and grain boundaries along with the film 
thickness. In fact, this kind of deviation occurs due to the depolarization of the incident light 
caused by the presence of the grain boundaries and the roughness of the front surface, in 
addition the rough surface of the backside of the film. As shown above that the film 
thickness is dependent on the number of passes. Again, the SEM images of films confirm 
particles sizes between 400-700 nm with pyramidal structural features.  
Fig. S5 shows the fitting of the optical refractive constant (n) and extinction coefficient 
(k) at the top and the bottom of the film. It was noted that the extinction coefficient is lower 
nearer the substrate-film interface than the top surface. This is possibly due to the film 
being more conductive near the surface, suggesting that the film is denser at the top. This 
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consequently induced an enhancement of the conduction due the continuous film at the 
interface. Synowcki et al. reported a similar observation for indium tin oxide films [37,38] 
Increased surface conductivity could also relate to a higher F concentration at the surface 
due to species migrating within the FTO during deposition. This was previously reported 
by Manceriu et al. [39], although with APCVD films that had been quenched. Normally, the 
surface characteristics in particular, roughness and grain boundaries greatly affect the 
reflectance, i.e. the intensity of the reflected light is affected by the films morphology. In 
this case, the thinnest and hence smoothest FTO films, 56A (RMS = 13 nm), 28A (RMS = 
12 nm), and 19A (RMS = 13 nm) would be expected to show higher reflection, as less light 
will be scattered. These samples have a homogeneous surface with reduced roughness 
(Fig. S1 and S6).   
From Fig. S5, it is evident that the films have a similar variation of the extinction 
coefficient, depending on the wavelength of the polarized light. The k values are very small 
at the higher wavelength region i.e. 600 - 900 nm, where the films are almost transparent. 
Although there is an increasing difference between the top and bottom k values at higher 
doping levels (for each set of film thicknesses), which may relate to an increase in free 
carrier absorption. 
Ellipsometry results summarised in Table 2 show the calculated film thicknesses are 
very similar to ones obtained from the surface profilometer. Generally, the refractive index 
of a bulk material is higher than that of a thin film due to a variety of properties including 
lower stresses during formation, which can lead to larger crystallite sizes and lower number 
of grain boundaries. This is seen with our results with n between 1.64 and 1.86 opposed 
to 2.006 for bulk crystalline tin IV oxide [40].  As can be seen in Table 2, the level of doping 
does have an effect with a general decrease in n with an increase in the precursor dopant 
concentration for particularly the thinner samples. This is in agreement with earlier work 
from Afify et al [41].  Also seen (particularly for the FTO samples doped with 0.6 M and 1.0 
M TFAA) was a decrease in average refractive index as the films increased in thickness. 
An increase in the number of passes relates directly to an increase in film thickness and 
surface roughness. The higher thickness samples are rougher so give a graded interface 
between the air (n = 1) and the FTO film, so that there is a gradual refractive index change 
to a slightly lower value.   
There is a clear link between increasing refractive index and density [42], so a reduction 
in n should relate to decreasing film density (increasing porosity). Volume porosity 
estimations from the refractive index values (wavelength 633 nm) confirmed this trend. 
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This was particularly clear for the 0.6 M TFAA doped samples with a relative change in 
porosity from 25% for the thinnest sample (28A), 39% (14A) to the thickest at 43% (10A). 
These values are not absolute, as they assume the bulk n value is for completely dense 
tin IV oxide and that there is no effect from the doping level. 
These were based on the Lorentz-Lorentz relationship as described by Fallet et al [43], 
along with the bulk SnO2 value. 
                                1 −
𝑃
100
= (𝑛2 − 1)/(𝑁2 − 1) × (𝑁2 + 2)/(𝑛2 + 2) eqn. 5 
The bandgap of a material is generally affected by the concentration and type of dopant, 
so the ellipsometry derived k values were used with the equation below [44] to obtain the 
absorption coefficient and hence via Tauc plots an estimation of optical bandgap. 
=4k/   eqn. 6 
The values extracted from Tauc plots (See Fig. S7) are subject to some various as the 
exact value will depend on exactly which points are considered to be in a straight line. 
For all samples an optical bandgap of about 4.7 eV was obtained, which confirmed that 
doping has taken place as undoped, pristine SnO2 has a bandgap of 3.7 eV. The shift in 
bandgap, although high, is in line with that seen for FTOs by other researchers [45]. 
To validate the fitted ellipsometry values a comparison of the thickness and refractive 
index measurements extracted from the SE measurements were also compared with 
selected independent results derived from transmission and reflection measurements.  
These results were in excellent agreement with both SE and physical surface profile 
measurements.  
The FTO films all showed strong interference fringes as shown in Fig. S8 The 
wavelength position of the maxima and minima of these can be used to extract values for 
film thickness, as well as refractive index at specific wavelengths. There are several 
methods available that each have their own advantages and disadvantages. These all 
stem from the basic equation for interference fringes 
 
       2𝑛𝑑 = 𝑚𝜆    eqn. 7 
 
where m is an integer for maxima, n is the refractive index, d thickness of film and λ 
wavelength.  However, use of this equation requires knowledge of either n or d. The first 
method applied calculates the product of thickness and refractive index, nd, from either 
transmission or reflection.  It was also possible to allow for the angle of incident light [46] 
which was 30° within the spectrophotometer used. The calculated values of the nd product 
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were, within experimental error, identical for both reflectance and transmission. To 
determine the actual thickness a refractive index value from the ellipsometry was used.  
This was chosen to be midway in the wavelength range used for the nd calculation. 
The thickness of a film, d, is given by  
 












     eqn. 8 
where  is the light incident angle, λ1 and λ2 are the peak or valley wavelengths in the 
spectrum and Δm is the number of peaks or valleys between λ1 and λ2. So a plot of number 
of the maxima (integers) and minima (1/2 integers) against reciprocal wavelength will give 
a gradient as given in eqn. 9 and hence a value for film thickness or refractive index.  
  
 
The second way of calculating these values was by use of the envelope method which 
was originally proposed by Manifacier et al. [47] and later developed by Swanepoel [48]. 
 
 






                                        eqn. 10 








           eqn. 11 
TM and Tm are the maxima and minima transmission values and ns the refractive index of 
the substrate. 





                                        eqn. 12  
It is only possible to use transmission measurements for this and other research studies 
assumed a fixed refractive index for the substrate [49]. In our studies use of a wavelength 
dependent refractive index for the substrate made little change to the resulting refractive 
index and hence thickness values.  
Using the method (Method 1) defined by eqn. 8 and 9 there was excellent agreement 
(within experimental error) between the physical surface profiler film thickness 
                     gradient = 2𝑑√𝑛2 − sin2 𝜙                                             eqn. 9 
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measurement and that calculated by this method. See Table S1. The ellipsometry derived 
values were also close and differing no more than 1%, although fractionally higher.  All 
these methods gave much higher values than those obtained by the envelope method.  
The increased difference of thickness with the envelope method (Method 2) is probably to 
be expected as the errors will be greater as could only be determined indirectly from a 
maximum of three calculated refractive indices in each case. In addition, eqn 12 is very 
sensitive to errors in n and hence not very accurate [48].  
The calculated film refractive index values via the envelope method all showed the 
correct trend of increasing n against decreasing wavelength, within each set of doped 
samples. See Table S2. A similar trend was seen over all samples, although with some 
exceptions due to the different levels of F-doping. 
All these values are 1% to 2% lower than the equivalent ellipsometry refractive index 
values. This relates, in part, to the use of a fixed substrate refractive index of 1.505. Use 
of a larger value of ns although it would increase the film refractive index would reduce the 
calculated film thickness, which is already less than expected.   
Overall, ellipsometry has the advantage of providing film thickness and refractive index 
over the full wavelength range, while use of less sophisticated instrumentation and 
calculations is capable of giving excellent thickness agreement (Method 1) and reasonable 
values for refractive index (Method 2) at specific wavelengths. However, the latter methods 
do depend on the presence of strong interference fringes from the thin film samples. 
 
4 Conclusions 
We have attempted to develop an understanding of mechanical and optical properties of 
(200) orientated FTO thin films produced by in-line APCVD process through 
nanoindentation and ellipsometry measurements. A general increase in the modulus was 
noted as the films became thicker. It was found that hardness ranged from 8 to 20 GPa. 
To validate the ellipsometry derived refractive index and thickness values, independent 
optical data was also found to be similar. 
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Table 1 Some properties of deposited FTOs as a function of their processing parameters 








Number             
of passes 
 











56A 0.2 4 52 0.37 1.94E-03 13 
34A 0.2 6 34 0.50 1.69E-03 20 
24A 0.2 8 24 0.75 1.79E-03 23 
28A 0.6 4 28 0.40 1.12E-03 12 
14A 0.6 6 14.8 0.51 7.52E-04 17 
10A 0.6 8 10.6 0.72 7.59E-04 21 
19A 1 4 19.5 0.38 7.35E-04 13 
10B 1 6 10.7 0.55 5.91E-04 21 
7A 1 8 7.5 0.73 5.45E-04 25 
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Table 2 Ellipsometry derived thickness and refractive index of films 
         
 
   
*Averaged over 300 -1700 nm 
  
samples Number             
of passes 
thickness (μm) average n* 
(refractive index) 
56A 4 0.338 1.74 
34A 6 0.517 1.64 
24A 8 0.704 1.71 
28A 4 0.351 1.68 
14A 6 0.505 1.52 
10A 8 0.694 1.48 
19A 4 0.372 1.64 
10B 6 0.537 1.61 




Fig. 1 XRD patterns FTOs using (a) 0.2M, (b) 0.6M and (c) 1M TFAA concentrations. Blue (4 
passes), brown (6 passes) and grey (8 passes). 
Fig. 2 Superimposed load-displacement curves obtained at normal loads of 1, 3, 5, 10, 15 
and 20 mN from sample (a) Glass, (b) 56A, (c) 19A, (d) 28A, (e) 34A, (f) 14A, (g) 10B, (h) 
10A, (i) 7A and (j) 24A. 
Fig. 3 Bar chart showing the change in nanoindentation hardness with normal load. The 
nanoindentation hardness of all coatings was within a range of 8-19 GPa. The maximum hardness 
was achieved at a load of 5 mN for all samples. At higher loads, the hardness decreased with 
increasing normal load. At high loads, the hardness approached that of the glass substrate, which 
is relatively soft. 
Fig. 4 Elastic modulus (E) versus normal load for each coating sample. Elastic modulus 
decreases with increasing normal load for all samples. 
Fig. 5 (a) Plot of H/E versus normal load for each coating sample. (b) Plot of creep versus normal 
load for all coating samples. (The variation in creep results for different coatings was small). (c) 
Plot showing elastic recovery of coatings at various loads. (The effect of coating thickness or 
applied load on the degree of elastic recovery is not significant). 
Fig. 6 Spectroscopic ellipsometry data and fits to Ψ and Δ of thin films at 65 ° for sample (a) 56A, 
(b) 34A, (c) 24A, (d) 28A, (e) 14A, (f) 10A, (g) 19A, (h) 10B and (i) 7A. 
  
22 
 
 
Fig. 1
23 
 
 
 
Fig. 2
24 
 
 
Fig. 3 
  
25 
 
 
Fig. 4 
  
26 
 
 
Fig. 5
27 
 
 
Fig. 6 
